Recent surveys show that Candida species are responsible for about 8% of all hospital-acquired bloodstream infections, and among these species, the two most frequently isolated are Candida albicans and Candida glabrata (60, 73) . C. glabrata is an opportunistic fungal pathogen that is a commensal in human gastrointestinal and genitourinary tracts but that also causes severe invasive infections. Phylogenetically, C. glabrata is quite distinct from C. albicans but is closely related to Saccharomyces cerevisiae. The virulence attributes that allow C. glabrata to colonize human tissues and cause disseminated infections have recently started to be identified (reviewed in reference 40) .
Phagocytic cells are the first line of defense against fungal infections (49) . These cells generate reactive oxygen species (ROS), including superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals, that can damage all biomolecules and destroy phagocytosed pathogens (27, 70) . ROS are also by-products of normal aerobic metabolism, and all aerobic organisms possess mechanisms to maintain very low levels of these species. In particular, a variety of small antioxidant molecules, such as glutathione and thioredoxin, are synthesized to scavenge ROS, and even tyrosine has been proposed to have a protective role against oxidative stress (48) . In addition, several well-characterized enzymes, such as the superoxide dismutases, catalases, peroxidases, and glutathione peroxidases, are produced to eliminate ROS. Pathogens have coopted these well-conserved antioxidation mechanisms to evade phagocyte defenses (5, 27, 69, 70) ; thus, the production of these enzymes is directly related to virulence (35, 76) .
When cells are under oxidative stress, transcriptional remodeling occurs to ensure the proper response. The enzymes and the regulation of the oxidative stress response (OSR) are well conserved among fungal species. Catalases are well-conserved detoxifying enzymes catalyzing the conversion of H 2 O 2 to H 2 O and molecular oxygen (reviewed in references 1 and 2). S. cerevisiae has two catalase genes, both of which are required for detoxifying H 2 O 2 (13, 30, 65, 66, 72) . Both C. albicans and C. glabrata carry only one catalase gene, and C. albicans catalase has been shown to play an important role in the virulence of C. albicans (56, 74, 76) . The OSR in S. cerevisiae is in part under the control of the well-studied transcription factors Yap1p, Skn7p, Msn2p, and Msn4p (21, 43, 44, 46, 53, 64) . S. cerevisiae Yap1p (ScYap1p) belongs to the family of basic leucine zipper domain transcription factors and controls the expression of at least 32 proteins of the H 2 O 2 stimulon (46) . Strains lacking Yap1p are hypersensitive to H 2 O 2 . The Yap1p orthologs in C. albicans (Cap1p) (3, 78) , Schizosaccharomyces pombe (Pap1p) (71) , and Ustilago maydis (Yap1p) (52) have been characterized previously, and they are involved in the OSR. The C. glabrata Yap1p ortholog is functionally involved not only in the OSR, but also in resistance to different drugs (11) . ScSkn7p contains a receiver domain found in the family of two-component signal transduction systems of prokaryotes and a DNA-binding domain similar to that of heat shock factor Hsf1p (6, 54) . The target genes of ScSkn7p overlap with those of ScYap1p, and a skn7⌬ strain is hypersensitive to H 2 O 2 (46, 53) . The C. albicans Skn7p ortholog has been characterized previously, and cells lacking Skn7p are modestly attenuated in virulence (68 (21, 31, 50, 55, 63) . Interestingly, C. albicans Msn2p (CaMsn2p) and CaMsn4p play no obvious role in the stress response, including the response to oxidative stress (58) .
The OSR of C. glabrata has not been analyzed previously. In this study, we showed that the growth of C. glabrata could withstand higher concentrations of H 2 O 2 than that of S. cerevisiae and even that of C. albicans (see below) (5, 9) . This phenotype could be seen in both log-phase (LP) and SP cells, but the phenotype was more profound in the latter case. SP resistance was dependent on the concerted roles of Yap1p, Skn7p, and Msn4p. We also showed that C. glabrata was able to adapt to high levels of H 2 O 2 and that this adaptive response was dependent on the stress-related transcription factors Yap1p and Skn7p and partially on the general stress transcription factors Msn2p and Msn4p. Lastly, we showed that the C. glabrata catalase gene CTA1 was absolutely required for resistance to H 2 O 2 in vitro. However, a strain lacking CTA1 had no obvious phenotype in vivo in a mouse model of systemic infection.
MATERIALS AND METHODS
Strains. All strains used in this study are summarized in Table 1 . Plasmids. All plasmids used in this study are summarized in Table 2 . Primers. All primers used for cloning are summarized in Table 3 . Media. Yeast media were prepared as described previously (67) , and 2% agar was added for plates. Yeast extract-peptone-dextrose (YPD) medium contained yeast extract at 10 g/liter and peptone at 20 g/liter and was supplemented with 2% Transformation. Yeast transformations with linear or supercoiled plasmid DNA were done as described previously (8) .
Sequence analysis. The amino acid sequence homology analysis was done by ClustalW alignment (33) with the MacVector program (Accelrys).
Construction of deletion strains. To construct deletion strains in this study, first we PCR amplified the promoter and 3Ј untranslated region (3Ј UTR) of each gene to be deleted (CTA1, YAP1, and SKN7) and cloned the amplified fragments into pGEM-T (Promega). Both fragments, the 5Ј and the 3Ј regions of each gene, were subcloned in the same direction, flanking the hygromycin cassette in pAP599 ( Table 2 ). All plasmid constructs were introduced into Escherichia coli DH10 or JM109 by electroporation (4), and plasmids were purified by using Qiagen mini prep kits. The mutant clones were recombined in C. glabrata strains by a one-step replacement procedure. Plasmids were cut with a set of enzymes leaving homologous ends, and the linear fragments were gel purified and used to transform C. glabrata. Transformants were isolated by selecting for the Hyg r phenotype on YPD plates with hygromycin at 200 g/ml. Insertion at the correct locus was verified with locus-specific genomic primers external to the cloned fragments. To make double, triple, and quadruple mutants, C. glabrata mutant strains were transformed with pMZ17, and transformants were isolated by selection for the URA ϩ phenotype on SC-Ura plates. pMZ17 is a replicative vector expressing the product of ScFLP1, a recombinase that recognizes the two direct repeats, the FLP recognition target (FRT) sites, flanking the hygromycin marker in the plasmid constructs as follows: 5Ј region of the gene::FRT-P PGK :: hph::(3Ј UTR of HIS3)-FRT::3Ј region of the gene. After Flp1p recognizes the FRT sites, the hygromycin marker is deleted from the chromosome and lost by dilution through cell division. Transformants were purified and streaked onto SC-Ura plates. Single colonies were then grown on nonselective medium (YPD plates) and screened for Hyg s on YPD plates with hygromycin at 200 g/ml for Tables 2 and 3 . Strains constructed in this way are described in Table 1 .
Mouse infections. Eight-to 9-week-old BALB/c mice (Taconic) were infected with 2.2 ϫ 10 7 cells in a volume of 100 l by tail vein injection. The strains BG462 (wild type [wt] strain expressing URA3) and CGM351 (cta1⌬ URA3) were grown overnight in YPD, and the cells were washed with 1ϫ PBS and resuspended in 1ϫ PBS to a concentration of 2.2 ϫ 10 8 cells/ml. The concentration of cells was determined by reading the optical density at 600 nm (OD 600 ) of the culture (the concentration of BG462 cells at an OD 600 of 1 is 4 ϫ 10 7 /ml), counting the cells in a hemocytometer, and plating serial dilutions and confirming the number of cells the following day. Mice were kept in cages in groups of 10 until they were sacrificed at day 7 after infection. Kidneys, livers, and spleens were retrieved from the mice, and the organs were homogenized. Dilutions of the homogenates were plated onto YPD-penicillin-streptomycin plates. CFU were counted the following day; geometric means are reported.
H 2 O 2 sensitivity assays. All the starting overnight cultures of C. glabrata were grown for 36 h in YPD to an OD 600 of 30.0 at 30°C. A 30% (wt/wt) H 2 O 2 solution was obtained from Sigma-Aldrich. All liquid cultures and plates were incubated at 30°C. For H 2 O 2 sensitivity assays of LP cells, overnight cultures were diluted in fresh rich medium (YPD) in such a way that all strains went through seven doublings to reach an OD 600 of 0.5. Once the cultures reached an OD 600 of 0.5 after seven doublings, the cultures were divided, exposed to different H 2 O 2 concentrations, and incubated with shaking for 3 h. For the adaptation experiments, cells were pretreated for 1 h with a nonlethal H 2 O 2 concentration and then challenged with a lethal concentration of H 2 O 2 for 2 additional hours. After the treatment, H 2 O 2 was removed by centrifugation, the cultures were resuspended in distilled H 2 O, the OD was adjusted when needed to an OD 600 of 0.5, and the cultures were then serially diluted in 96-well plates. Each dilution was spotted onto YPD plates, and the plates were incubated at 30°C. All dilutions had the same amount of cells.
For SP experiments, cell cultures at an OD 600 of 30.0 were diluted to an OD 600 of 0.5 with distilled water or spent medium from the same strain. Cell cultures were divided into aliquots and treated with H 2 O 2 at different concentrations for 3 h. After the treatment, the cultures remained at the same OD 600 of 0.5 and H 2 O 2 was removed by centrifugation. Cells were resuspended in distilled water to an OD 600 of 0.5, and the suspensions were diluted in 96-well plates and spotted onto YPD plates.
All manipulations for these assays were performed in a 30°C temperaturecontrolled room to prevent abrupt changes in temperature. It has been reported previously that cold shock has an impact on H 2 O 2 resistance in S. cerevisiae. Since there were small variations among the results of these experiments, experiments were repeated at least four times.
RESULTS

C. glabrata is resistant to high levels of hydrogen peroxide.
In order to characterize the OSR in C. glabrata, we investigated the resistance of C. glabrata LP cells to H 2 O 2 . C. glabrata strains (BG14 [lab reference strain] and clinical isolates [CI] MC7 and MC22) were treated with H 2 O 2 as described in the legend to Fig. 1 and Materials and Methods. As shown in Fig.  1A , C. glabrata BG14 was able to survive exposure to H 2 O 2 at concentrations up to 40 mM. There was a severe loss of viability at 100 mM and a complete loss at 200 mM (data not shown), while CI MC7 and MC22 showed reduced resistance at 40 mM. We also performed an adaptation experiment by pretreating the LP cells with 10 mM H 2 O 2 for 1 h and then treating them with 100 mM H 2 O 2 for 2 additional hours. As shown in Fig. 1A (lane 10ϩ100) , the survival rate of BG14 cells pretreated with a low dose of H 2 O 2 was much higher than that of cells without this treatment, and CI MC7 and MC22 showed reduced adaptation compared to that of BG14. Experiments similar to those described above were also performed with C. albicans strains (CAI4 [lab reference strain] and CI CA5 and CA7) and S. cerevisiae strains (W303 [lab reference strain] and CI YJM128 and YJM336). C. albicans CAI4 was resistant to 40 mM H 2 O 2 and showed complete sensitivity to 100 mM H 2 O 2 , while C. albicans CI showed reduced resistance compared to that of CAI4 (Fig. 1B) . As shown in Fig. 1C , S. cerevisiae was resistant only to 6 mM H 2 O 2 and completely sensitive to 8 mM H 2 O 2 . Interestingly, CI YJM128 and YJM336 were more resistant than the W303 lab reference strain. These experiments indicate that LP C. glabrata cells are modestly more resistant to H 2 O 2 than LP C. albicans cells and significantly more resistant than LP S. cerevisiae cells. In addition, C. glabrata and C. albicans cells were able to adapt, though to different levels, suggesting that adaptation is a common trait for both pathogens (Fig. 1A and B) . Similarly, S. cerevisiae has been shown previously to be able to adapt to higher concentrations of H 2 O 2 when pretreated with a lower dose (14, 17, 37, 38) .
It has been reported previously that SP cells of various bacterial and fungal pathogens are more resistant to oxidants than LP cells (16, 29) . To determine if this is true also for C. glabrata, we treated C. glabrata strain BG14 and CI MC7 and MC22 as described in the legend to Fig. 2 and Materials and Methods. As shown in Fig. 2A , C. glabrata SP cells exhibited resistance to H 2 O 2 at concentrations up to 1,000 mM, significantly higher than those to which LP cells showed resistance. The same experiments were performed with C. albicans strain CAI4 and CI CA5 and CA7 and S. cerevisiae strain W303 and CI YJM128 and YJM336. As shown in Fig. 2B , C. albicans CAI4 showed resistance to up to 300 mM H 2 O 2 while CI showed resistance to up to 100 mM. S. cerevisiae W303 SP cells showed an increase in resistance compared to that of LP cells, exhibiting resistance to up to 100 mM H 2 O 2 and complete sensitivity to 200 mM. Interestingly, S. cerevisiae CI were more resistant than the lab reference strain W303 (Fig. 2C) . Overall, the SP levels of resistance were much higher than those in LP. These data are in agreement with previous findings that SP cells are more resistant to oxidative stress than LP cells. Moreover, our data confirm that C. glabrata in SP is intrinsically more resistant to H 2 O 2 than S. cerevisiae and C. albicans in SP.
Role of the transcription factors Skn7p, Yap1p, Msn2p, and Msn4p in the OSR. The key regulators of the OSR in S. cerevisiae, such as Skn7p, Yap1p, Msn2p, and Msn4p, are well characterized. C. glabrata orthologs of S. cerevisiae genes encoding these transcription factors were identified in the C. glabrata genome database (http://cbi.labri.fr/Genolevures/elt /CAGL), and an analysis of the amino acid sequence homology of C. glabrata and S. cerevisiae transcription factors was done by ClusalW alignment, with the following results: C. glabrata Skn7p (CgSkn7p; CAGL0F09097g), 48% identical and 15% similar to ScSkn7p; CgMsn2p (CAGL0F05995g), 25% identical and 16% similar to ScMsn2p; CgMsn4p (CAGL0M13189g), 22% identical and 13% similar to ScMsn4p; and CgYap1p (CAGL0H04631g), 36% identical and 12% similar to ScYap1p (11). We simply asked whether these transcription factors participate in the OSR in C. glabrata. We constructed C. glabrata mutant strains containing single (yap1⌬ or skn7⌬), double (yap1⌬ skn7⌬), triple (yap1⌬ skn7⌬ msn2⌬ or yap1⌬ skn7⌬ msn4⌬), and quadruple (yap1⌬ skn7⌬ msn2⌬ msn4⌬) deletions. Additional null strains including msn2⌬, msn4⌬, and msn2⌬ msn4⌬ strains were provided by R. Domergue and B. Cormack. We first characterized the sensitivities to H 2 O 2 treatment of the LP cells of the various C. glabrata deletion strains VOL. 7, 2008 RESISTANCE TO OXIDATIVE STRESS IN C. GLABRATA 817 described above. As shown in Fig. 3A , the yap1⌬ and skn7⌬ strains showed reduced resistance to 10 mM H 2 O 2 compared to that of the parental wt strain. When treated with 100 mM H 2 O 2 , both the yap1⌬ and skn7⌬ strains lost viability, in contrast with the parental strain. The same phenotype was seen in the adaptation experiment. As shown in the bottom panel of Fig. 3A , when pretreated with a low dose of H 2 O 2 of 10 mM, the yap1⌬ and skn7⌬ strains could not adapt to the stress, in contrast with the parental strain. A yap1⌬ skn7⌬ strain showed the same phenotype as the strains carrying a single deletion of either gene, indicating that the corresponding transcription factors are needed for adaptation and resistance in LP and that they do not compensate for each other. Furthermore (Fig. 3A) , since (i) the yap1⌬ skn7⌬ msn2⌬ triple mutant had the same reduced resistance phenotype at 10 mM as the single and double mutants (yap1⌬, skn7⌬, and yap1⌬ skn7⌬ strains), (ii) the yap1⌬ skn7⌬ msn4⌬ triple mutant was more sensitive than the single and double mutants to 10 mM, and (iii) the quadruple mutant (yap1⌬ skn7⌬ msn2⌬ msn4⌬) behaved the same as the yap1⌬ skn7⌬ msn4⌬ triple mutant (see Fig. 6A ), Skn7p, Yap1p, and Msn4p together, but not Msn2p, coordinate the overall resistance in LP cells. Msn2p and Msn4p may play a role in adaptation since the msn2⌬ msn4⌬ double mutant but not the corresponding single mutants showed a subtle but reproducible defect in adaptation (Fig. 3B) Saturated cultures of C. glabrata (C.g.) strain BG14 and CI MC7 and MC22 (A), C. albicans (C.a.) strain CAI4 and CI CA5 and CA7 (B), and S. cerevisiae (S.c.) strain W303 and CI YJM128 and YJM336 (C) were diluted with fresh medium (YPD) so that all strains reached an OD 600 of 0.5 after seven doublings at 30°C. C. glabrata and C. albicans strains were divided and exposed to 0, 10, 20, 30, 40, 50, and 100 mM H 2 O 2 and S. cerevisiae strains were exposed to 2, 4, 6, and 8 mM H 2 O 2 for 3 h. For adaptation experiments, C. glabrata and C. albicans cells were pretreated for 1 h with 10 mM H 2 O 2 and then with 100 mM H 2 O 2 for 2 additional hours. After the treatment, H 2 O 2 was removed by centrifugation. The cultures were resuspended in distilled water, and the OD 600 s were adjusted when needed to 0.5. Cultures were serially diluted, and each dilution was spotted onto YPD plates, ensuring that the same amounts of cells were plated. Plates were incubated at 30°C. See Materials and Methods.
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CUÉLLAR-CRUZ ET AL. EUKARYOT. CELL the triple and quadruple mutants were almost as sensitive as the cta1⌬ mutant in LP (see below and Fig. 6A ). We then tested the role of these transcription factors for resistance in SP. Saturated cultures (OD 600 , 30.0) of the parental strain BG14 and single (yap1⌬, skn7⌬, msn2⌬, and msn4⌬), double (yap1⌬ skn7⌬ and msn2⌬ msn4⌬), triple (yap1⌬ skn7⌬ msn2⌬ and yap1⌬ skn7⌬ msn4⌬), and quadruple (yap1⌬ skn7⌬ msn2⌬ msn4⌬) mutants were treated as described in the legend to Fig. 2 . Figure 4A shows that the yap1⌬ mutant behaved as the parental strain, that the skn7⌬ mutant   FIG. 2 . C. glabrata, C. albicans, and S. cerevisiae SP resistance to H 2 O 2 . Saturated cultures of C. glabrata (C.g.) strain BG14 and CI MC7 and MC22 (A), C. albicans (C.a.) strain CAI4 and CI CA5 and CA7 (B), and S. cerevisiae (S.c.) strain W303 and CI YJM128 and YJM336 (C) were diluted to an OD 600 of 0.5 with spent medium from the same cultures. The cells were divided into aliquots and treated for 3 h with H 2 O 2 at different concentrations: for C. glabrata, 500, 800, 1,000, and 1,500 mM; for C. albicans, 0, 50, 100, 300, and 500 mM; and for S. cerevisiae, 0, 10, 50, 100, and 200 mM. After the treatment, the cultures remained at an OD 600 of 0.5, oxidant was removed by centrifugation, cells were resuspended in distilled water, and suspensions were diluted and spotted onto YPD plates. Plates were incubated at 30°C. See Materials and Methods. (Fig. 4) . Interestingly, Msn2p has a role in SP since the msn2⌬ msn4⌬ double mutant was more sensitive than the msn2⌬ and msn4⌬ single mutants (Fig. 4B) . These data suggest that Msn2p and Msn4p are both important and act independently of each other. The analysis of the triple and quadruple mutants (skn7⌬ yap1⌬ msn2⌬, skn7⌬ yap1⌬ msn4⌬, and skn7⌬ yap1⌬ msn2⌬ msn4⌬ strains) confirms the roles in SP of both Skn7p and Msn4p ( Fig. 4A ; also see Fig. 6B ). CTA1 is absolutely required for resistance to H 2 O 2 in vitro. Catalase plays a central role in the cell response against oxidative stress. We characterized the function of C. glabrata catalase Cta1p in the resistance to H 2 O 2 treatment. S. cerevisiae has two catalases, cytoplasmic (Ctt1p) and peroxisomal (Cta1p) (13, 30, 65, 66, 72) , and C. albicans has only one catalase (Ctt1p) (76) . Interestingly, the single C. glabrata catalase gene, CTA1 (CAGL0K10868g), is the ortholog of S. cerevisiae CTA1, the gene for the peroxisomal catalase. CgCta1p and ScCta1p are 85% similar (78% identical and 7% similar) over the entire lengths of the proteins, and CgCta1p has two putative internal peroxisomal targeting signals (SKF) (59) (Fig.  5) . It is not known whether CgCta1p is targeted to the peroxisome, the mitochondria, or the cytoplasm.
We tested whether CTA1 is required in C. glabrata for the high-level resistance to H 2 O 2 displayed by both the LP and SP cells. A CTA1 null strain (cta1⌬) was constructed. cta1⌬ LP cells (Fig. 6A ) and SP cells (Fig. 6B ) behaved in the same way: cta1⌬ cells completely lost their ability to survive at high concentrations of H 2 O 2 (Ͼ4 mM) (Fig. 6) . Interestingly, cta1⌬ LP cells were still able to adapt but only when exposed to low levels of H 2 O 2 (Fig. 6A, lane 1 ϩ 4) . This result may indicate the presence of a catalase-independent pathway to respond to H 2 O 2 . In SP, the cta1⌬ mutant also became sensitive to H 2 O 2 (Fig. 6B) . These results clearly indicate that this single Cta1p plays a central role in the resistance of C. glabrata to H 2 O 2 either in LP or in SP cells. In addition, CTA1 regulation in LP is likely controlled primarily by Skn7p, Yap1p, and Msn4p since the removal of these transcription factors rendered the cells almost as sensitive to H 2 O 2 as those of the cta1⌬ strain (Fig. 6A) . In SP, by contrast, the regulation was more complex since the triple and quadruple mutants lacking three or four of the transcription factors (skn7⌬ yap1⌬ msn4⌬ and skn7⌬ yap1⌬ msn2⌬ msn4⌬ strains), while being less resistant than the wt, were still able to grow at 200 mM H 2 O 2 , displaying a level of resistance well above that of the cta1⌬ strain (Fig. 6B) . This result suggests the possibility of additional regulators of CTA1 or an independent pathway to respond to H 2 O 2 .
Cta1p is not necessary for virulence in C. glabrata. Since Cta1p is entirely responsible for the extremely high level of resistance to H 2 O 2 in vitro (Fig. 6) , CTA1 is induced in macrophages (41), and CaCTA1 is required for virulence (56, 76), we investigated whether C. glabrata catalase plays a role during disseminated infection. Prior to the in vivo analysis, the parental and the mutant strains were made to express the Ura ϩ phenotype by restoring URA3 at the URA3 locus to generate BG462 and CGM351 (see Materials and Methods). The two strains grew with identical doubling times in rich medium at 30 or 37°C (Fig. 7) . To test for the virulence of the cta1⌬ strain, we infected groups of 10 mice by tail vein injection using 2 ϫ 10 7 cells of strain BG462 (wt expressing URA3) or CGM351 (cta1⌬ URA3). Mice were sacrificed on day 7 after infection, and CFUs in kidneys, spleens, and livers were enumerated (Materials and Methods). The average numbers of CFU of the mutant strain and the wt strain recovered from the three organ types showed no difference (Fig. 8) . The results of these experiments indicate that Cta1p is required in vitro but is dispensable in the murine disseminated-infection model.
DISCUSSION
Higher eukaryotes use ROS through the oxidative burst to eliminate invading pathogens (42, 57) . During the coevolution of pathogens and their hosts, pathogens have coopted the antioxidant enzymes and molecules for normal ROS elimination to evade oxidative killing so that survival and persistence 6 . Analysis of Cta1p in the OSR. Experiments with both LP and SP wt (BG14), cta1⌬, yap1⌬ skn7⌬ msn4⌬, and yap1⌬ skn7⌬ msn2⌬ msn4⌬ cells were performed as described in the legends to Fig. 1 . From the results of our study, the roles of these transcription factors seem to be conserved as well. C. glabrata was naturally resistant to higher levels of H 2 O 2 than C. albicans and S. cerevisiae ( Fig. 1 and 2 ). LP cells of C. glabrata were able to detect low levels of oxidant and induce a set of enzymes that would allow resistance to high levels and adaptation to the new environment. This response was mediated mainly by the transcription factors Skn7p and Yap1p but also by Msn2p and Msn4p (Fig. 3) . This adaptation was present among cells of both C. albicans (Fig. 1) and S. cerevisiae, in which both catalases and the transcription factors Yap1p and Skn7p are required for this response (14, 17, 23, 27, 37, 39) . Furthermore, Yap1p, Skn7p, and Msn4p coordinated the response to oxidative stress in LP cells, which required at least the activation and induction of the catalase gene (Fig. 3) . The roles of Msn2p and Msn4p are interesting in two ways: first, CaMsn2p and CaMsn4p have no obvious role in oxidative stress (58) , and second, ScMsn2p and ScMsn4p perform nonredundant functions depending on the stress (reviewed in references 20 and 55). In C. glabrata upon oxidative stress, these two transcription factors appeared to work independently of each other. Both were needed for SP resistance (see below), and Msn4p was required for LP resistance, along with Skn7p and Yap1p (Fig. 3 and 4) .
SP is important for resistance. It has been shown previously that not only yeast but other microorganisms in SP are more resistant to oxidants than the same organisms in LP (38, 61, 62) , and C. glabrata is no exception. C. glabrata in SP was naturally resistant to high levels of H 2 O 2 , up to1,000 mM, compared to about 100 mM H 2 O 2 for S. cerevisiae and 300 mM H 2 O 2 for C. albicans (Fig. 2) (5, 9) . This resistance was controlled by Msn2p, Msn4p, and Skn7p (Fig. 4) , whereas Yap1p did not appear to have a central role. This high-level resistance suggests that C. glabrata has an extremely efficient Cta1p and that it is probably able to repair efficiently the damage generated by the oxidant. It is possible that C. glabrata catalase activity may increase post-exponential phase. For example, S. cerevisiae catalase activity increases in SP (37), C. albicans shows growth phase-dependent resistance to H 2 O 2 (38, 75) , and the C. albicans Mn-SOD3 superoxide dismutase is induced in SP and is needed for the OSR (45) . This high-level natural resistance to H 2 O 2 may, in part, explain why C. glabrata is able to evade elimination by macrophages (41) . Another clear advantage would be that C. glabrata can compete with H 2 O 2 -generating pathogens for specific niches inside the host. It has been shown previously that H 2 O 2 -producing bacteria inhibit the proliferation of C. albicans (75) . Interestingly, CI of the nonpathogenic S. cerevisiae showed increased resistance to H 2 O 2 relative to that of the reference strain ( Fig. 1C and 2C ). This result is consistent with the idea that pathogens, in order to survive, require a proper response to oxidative stress. Catalase and virulence. The C. glabrata single catalase (Cta1p) was absolutely required to confer resistance on LP and SP cells in vitro. cta1⌬ cells were extremely sensitive (Fig. 6 ) to H 2 O 2 . CgCta1p is the ortholog of the S. cerevisiae peroxisomal catalase (ScCta1p; 85% similar) (Fig. 5) , which converts H 2 O 2 formed by acyl coenzyme A oxidase (Pox1p) during fatty acid beta-oxidation (34) to H 2 O and O 2 in the peroxisomal matrix. CgCta1p is a monofunctional 57-kDa protein classified as a group III catalase (42) . It is interesting that S. cerevisiae has two catalases, cytoplasmic (Ctt1p) and peroxisomal (Cta1p), and that S. cerevisiae was about 10 times less resistant than C. glabrata (Fig. 2) . Surprisingly, it has been shown previously that both catalases in S. cerevisiae (Ctt1p and Cta1p) are dispensable in growing cells and that glutathione compensates for the lack of the catalases (37). The fungal pathogens C. albicans and C. glabrata, though distantly related phylogenetically, show increased resistance to oxidative stress relative to that of S. cerevisiae.
The results presented in Fig. 6 suggest that in LP cells CTA1 may be controlled by the concerted actions of Yap1p, Skn7p, and Msn4p. The triple (yap1⌬ skn7⌬ msn4⌬) and quadruple (yap1⌬ skn7⌬ msn2⌬ msn4⌬) mutants behaved exactly the same, rendering LP cells almost as sensitive as the cta1⌬ strain (Fig. 6A) . In fact, bioinformatic analyses of the CgCTA1 promoter have previously revealed putative conserved cis-acting elements for each of these transcriptional regulators (reviewed in references 24, 32, and 36). In SP, however, both triple (yap1⌬ skn7⌬ msn4⌬) and quadruple (yap1⌬ skn7⌬ msn2⌬ msn4⌬) mutants showed increased resistance to H 2 O 2 relative to that of the reference strain W303. (Fig. 6B) . These mutants could still grow at elevated levels of H 2 O 2 (up to 200 mM). This finding would indicate that in SP but not in LP, other transcriptional regulators of the CTA1 gene besides Yap1p, Skn7p, Msn2p, and Msn4p are in play.
Is the catalase a virulence factor? (i) cta1⌬ strains are extremely sensitive to H 2 O 2 in vitro, (ii) CaCta1p is important for virulence (56, 76 ; reviewed in reference 10), and (iii) CTA1 is induced after phagocytosis (26, 41, 47) . We therefore assayed cta1⌬ cells in a mouse model of systemic infection. The experiment showed no difference in the colonization of the kidney, spleen, and liver by the cta1⌬ strain (Fig. 8) . This finding is in strong contrast with the results of the in vitro experiments, in which cta1⌬ cells were extremely sensitive to H 2 O 2 . Our results suggest either that the catalase is not important in the OSR in vivo or that there are additional factors that may compensate for the lack of Cta1p in vivo. One possibility is that glutathione may mediate H 2 O 2 resistance in vivo, since it has been shown previously that both catalases and glutathione provide an overlapping antioxidant defense system in S. cerevisiae (28) . The results also suggest that these additional factors are silent in vitro. In fact, the cta1⌬ strain was still able to adapt to oxidative stress in vitro, though at low levels of H 2 O 2 (Fig. 6A) . This finding indicates that there may be an additional catalaseindependent pathway to respond to H 2 O 2 . Currently, we are working to identify these additional regulators/effectors of the OSR.
